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WKHFRQWLQXLW\HTXDWLRQRILQFRPSUHVVLEOHDQG1HZWRQLDQIOXLG(TZKHUHXVWDQGVIRU
YHORFLW\ ߩ VWDQGV IRU GHQVLW\ ȝ UHSUHVHQWV G\QDPLF YLVFRVLW\ DQG 3 GHQRWHV SUHVVXUH$
VHFRQGRUGHUDFFXUDWHGLVFUHWL]DWLRQFHQWUDOGLIIHUHQFHVZDVXVHGWRVROYHWKHIORZYHORFLW\
)RUHDFKWLPHVWHSLWHUDWLRQVZHUHFRQGXFWHG7KHUHVLGXDOFULWHULDZDVDVVLJQHGDV
DQGWKHDFWXDOFRQYHUJHQFHZDVFRQILUPHGE\WKHIODWWHQSDWWHUQRIWKHUHVLGXDOSORW)RUHDFK
PRGHOIRXUFDUGLDFF\FOHVVLPXODWLRQVZHUHFDUULHGRXWWRREWDLQDSHULRGLFVROXWLRQDQGWKH
UHVXOWVRIILQDOF\FOHZHUHSUHVHQWHGIRUSRVWSURFHVVLQJDQGDQDO\VLV ׏ ȉ ሺሻ ൌ Ͳ                            
                    ɏ ቀడ௨డ௧ቁ ൅ ɏሺ ȉ ׏ሻ ൌ െ׏ ൅ ρ׏ଶݑ                   
 
_%RXQGDU\FRQGLWLRQV 
)RUWKLVVWXG\ERXQGDU\FRQGLWLRQVRIWKHFRPSXWDWLRQDOPRGHOVLQFOXGHDRUWLFZDOOYHORFLW\
DQGSUHVVXUHERXQGDULHV2ZLQJWRORZGLVWHQVLELOLW\RIDRUWDDUWHULHV LQSDWLHQWVZLWKDRUWLF
GLVVHFWLRQDQG6*VWKHYHVVHOZDOOZDVFRQVLGHUHGQRVOLSDQGULJLG9HORFLW\ERXQGDULHVZHUH
DVVLJQHG IRU LQOHW RI DVFHQGLQJ DRUWD $$ DQG RXWOHWV RI EUDFKLRFHSKDOLF WUXQN %7 OHIW
FRPPRQFDURWLGDUWHU\/&&$DQGOHIWVXEFODYLDQDUWHU\/6$ZKLFKLVRQO\DYDLODEOHLQWKH
FRPSDULVRQFDVHRQDKHDOWK\DRUWD6LQFHWKHEORRGSUHVVXUHRIWKHSDWLHQWGXULQJIROORZXS
ZDVVWULFWO\FRQWUROOHGWKHFDUGLDFRXWSXWRIWKHSDWLHQWZDVUHSRUWHGDVQRUPDOFRQGLWLRQDQG
ZHIRFXVHGRQWKHIORZSDWWHUQVLQWKHGHVFHQGLQJDRUWDDQGWKHGRZQVWUHDPVHFWLRQYHORFLW\
ERXQGDULHV ZHUH DVVLJQ DV WKH GDWD H[WUDFWHG IURP KHDOWK\ YROXQWHHUV ,Q GHWDLO WZHQW\
YROXQWHHUVZHUHPHDVXUHGXVLQJ'RSSOHUXOWUDVRXQGYHORFLPHWU\WKHGDWDRIWKHLQIORZDW$$
DQGRXWIORZDW%7DQG/&&$ZHUHDSSOLHGWRWKHFRPSXWDWLRQDOPRGHOV&HQWHUOLQHYHORFLW\
RI $$ LQOHW ZDV DFKLHYHG E\ PHDVXUHPHQWV WKURXJK WKH DSLFDO FKDPEHU YLHZ DQG WKH
VXSUDVWHUQDOORQJD[LVYLHZRIWKHDRUWLFDUFK)RURWKHUDUWHULHV%7/&&$DQG/6$'RSSOHU
YHORFLPHWU\KDVEHHQFRQGXFWHGDW WKHSUR[LPDODQGGLVWDOVLWHVRIWKHWDUJHWHGYHVVHOV7KH
PHDVXUHGYHORFLWLHVDUHFRQVLGHUHGHIIHFWLYHLIWKHGLIIHUHQFHEHWZHHQWKHWZRPHDVXUHPHQWV
  
7KLVDUWLFOHLVSURWHFWHGE\FRS\ULJKW$OOULJKWVUHVHUYHG 
IRUHDFKYHVVHOLVOHVVWKDQ7LPHYDULDQWPD[LPXPYHORFLW\DWWKHPHDVXUHGVLWHZDVWKHQ
H[WUDFWHG IURP WKHXSSHUHGJHRI WKHYHORFLW\ VRQRJUDP)LJF$V WKHYHORFLW\ERXQGDU\
FRQGLWLRQVWKHIORZUDWHVDW$$%7/&&$DQG/6$FDQEHFDOFXODWHGEDVHGRQWKHPHDVXUHG
WLPHYDULDQWPD[LPXPYHORFLW\DQGWKHDVVXPHGIODWIORZSURILOHIRU$$DQGSDUDEROLFIORZ
SURILOHIRUWKHRWKHUV,QIDFWWKHUHLVVWURQJVHFRQGDU\IORZRFFXUUHGLQWKHURRWRI$$KRZHYHU
WKLVIORZSDWWHUQPD\KDYHOHVVHIIHFWVRQWKHGHVFHQGLQJDRUWDDQGWKHGLVWDOUHJLRQWKDQWKH
UHJLRQ FORVH WR$$ >@0RVW VWXGLHV IRFXVHGRQ W\SH%DRUWLFGLVVHFWLRQQHJOHFWHG LW DQG
DVVLJQHGIODWYHORFLW\SURILOHDWWKHDRUWLFLQOHW>@7KHIORZUDWHVRYHUDFDUGLDFF\FOHZHUH
FDOFXODWHG IURP WKHPHDVXUHGGDWDRI WZHQW\YROXQWHHUV IRU HDFKYHORFLW\ERXQGDU\)LJG
VKRZVWKHYHORFLW\FXUYHVGXULQJRQHFDUGLDFF\FOHDVVLJQHGWR$$%7/&&$DQG/6$IRU
WKHVHPRGHOV3UHVVXUHERXQGDULHVZHUH DSSOLHGRQ WKHRXWOHWVRI WKHFHOLDFDUWHU\ VXSHULRU
PHVHQWHULFDUWHU\UHQDODUWHULHVDQGFRPPRQLOLDFDUWHULHV7KHVHRXWOHWVLQWKHPRGHOVKDYH
EHHQDVVLJQHGDVH[WHQVLRQZLWK]HURSUHVVXUHDWWKHGLVWDOH[WHQVLRQHQGV>@(DFKSUHVVXUH
RXWOHWV ZHUH H[WHQGHG E\ WLPHV RI WKH GLDPHWHU RI WKH FRUUHVSRQGLQJ RXWOHWV DQG ]HUR
SUHVVXUH ZDV DVVLJQHG WR WKH H[WHQGHG HQGV %\ WKLV PHDQV WKH GLVWDO UHVLVWDQFH FRXOG EH
SDUWLDOO\VLPXODWHGLPSHGDQFHRIWKHGLVWDOYHVVHOVWRWKHRUJDQVPLJKWEHWDNHQLQWRDFFRXQW
DQGGLIIHUHQWLPSHGDQFHVFRXOGEHFRQVLGHUHGE\WKHYDULRXVH[WHQVLRQOHQJWKVEDVHGRQWKH
VSHFLILFGLDPHWHUVRIWKHRXWOHWVLQWKHRULJLQDOPRGHOV 
 
_2SWLPL]DWLRQVFHQDULRV 
7KHIROORZXSH[DPLQDWLRQVVKRZRFFOXVLRQRIWKHOLPE6*VWKHRFFXUUHQFHRIZKLFKFDQEH
DQDO\]HG E\ KHPRG\QDPLF DQDO\VLV DQG VXJJHVWLRQV WKDW PD\ LPSURYH WKH KHPRG\QDPLF
HQYLURQPHQWE\PRGLI\LQJWKH6*VFDQEHGLVFXVVHG%DVLFIORZDQDO\VLVRQWKHRULJLQDOSODQ
RI6*VLPSOLHVLQDSSURSULDWHIORZGLYLVLRQLQHDFKDUWHULDOEUDQFKWKXVRSWLPL]DWLRQVFKHPHV
DUHVWXGLHGLQWKLVVWXG\E\PRGLI\LQJWKHRFWRSXV6*VHWYLD*HRPDJLF6WXGLR'6\VWHP
86$WRLQYHVWLJDWHYDULRXVIORZFRQGLWLRQV$VVKRZQLQ)LJIWKHUHFRQVWUXFWHGPRGHOEDVHG
RQWKHILUVW&7$VFDQDIWHURFWRSXVWUHDWPHQWLVXVHGDVWKHEDVHPRGHOIRUPRGLILFDWLRQ,QWKH
ILUVWVFHQDULR/HQJWKVFHQDULRWKHOHQJWKRIWKHKHDG6*LVH[WHQGHGWRDQDO\]HWKHLQIOXHQFH
RIWKHEHJLQQLQJSRVLWLRQRISDUDOOHOOLPE6*VRQIORZSHUIXVLRQIRUWKHYDVFXODUV\VWHP(LJKW
  
7KLVDUWLFOHLVSURWHFWHGE\FRS\ULJKW$OOULJKWVUHVHUYHG 
PRGHOVZLWKYDULRXVH[WHQGLQJOHQJWKRIKHDG6*DUHVWXGLHGFPDQGVKRZQLQ)LJJ
7DNLQJWKHIORZSURSRUWLRQLQHDFKSDWKZD\DVWKHRSWLPL]DWLRQJRDOWKHEHVWH[WHQGLQJOHQJWK
LVVHOHFWHGDQGEDVHGRQWKDWVHOHFWHGPRGHOWKHVHFRQG6*PRGLILFDWLRQVFHQDULRRQGLDPHWHU
'LDPHWHUVFHQDULRFDQEHLQYHVWLJDWHG7KHGLDPHWHUVRIOLPE6*VDUHWKHQYDULHGE\PP
IXUWKHUUHGXFWLRQLVQRWVXLWDEOHIRU WKLVVSHFLILFFDVHWRDGMXVWYLVFHUDOSHUIXVLRQ)LJK
6XJJHVWLRQVRIZLVH6*SODFHPHQWIRUVLPLODUSDWLHQWFDVHFDQEHWKHQSURSRVHGDVIDUDVWKH
IORZGLYLVLRQLVFRQFHUQHG  
 
_5HVXOWV 
_+HPRG\QDPLFDQDO\VLVRIWKHSDWLHQW 
7KHIORZSHUIXVLRQLQSDWLHQWVZLWKW\SH%DRUWLFGLVVHFWLRQFDQEHGUDPDWLFDOO\GLVUXSWHGE\
WKHHVWDEOLVKPHQWRI)/,QVRPHSDWLHQWVGLUHFWSHUIXVLRQWRWKHYLVFHUDRUHYHQORZHUOLPEV
FDQ EH VXEVWLWXWHG E\ )/ ,Q WKH SDUWLFXODU SDWLHQW ZH VWXGLHG DIWHU WKH ILUVW LQWHUYHQWLRQDO
WUHDWPHQW ZLWK DQ DRUWLF 6* VHDOLQJ WKH SULPDU\ HQWU\ WKH7/ DQG )/ DUH VWLOO H[LVWHG DQG
UHVSHFWLYHO\VXSSO\IORZWRWKHULJKWUHQDODUWHU\DQGWKHORZHUOLPEV7/DQGWRWKH&$60$
DQG/5$)/)LJDVKRZVWKHYHORFLW\VWUHDPOLQHVIRUHDFKSUHDQGSRVWRFWRSXVWUHDWPHQW
FDVHVDWV\VWROLFSHDN7KHIORZLVJHQHUDOO\RUJDQL]HGZKHQH[DPLQHGMXVWSRVW7(9$57KH
)/SOD\VDQLPSRUWDQWUROHLQSHUIXVLRQWRYLVFHUDODUWHULHVDQGWKHOHIWORZHUOLPE,QWKHVHFRQG
H[DPLQDWLRQSRVW7(9$5SUHRFWRSXVPRQWKFORVXUHRIWKH)/GLVWXUEVIORZWRZDUGVWKH
OLPE DQG YRUWLFDO IORZ LV SUHVHQWHG LQ WKH VDF QHDU WKH YLVFHUDO DUWHULHV DUURZ LQGLFDWHG
%HVLGHV KLJKHUYHORFLW\ LV IRXQG LQ7/DQGYLVFHUDO DUWHULHV$IWHURFWRSXV WUHDWPHQW IORZ
YHORFLWLHVLQ7/DQGLQ36*LQFUHDVHZKLOHYRUWLFDOIORZLVIRXQGLQ36*DQGUHGXFHGIORZ
LVIRXQGLQ36*DQG,QRQH\HDUSRVWRFWRSXV36*DQG36*ZHUHFORVHGDQGKLJK
YHORFLW\FDQEHVWLOOREVHUYHGLQ36*)ORZYHORFLWLHVDWV\VWROLFSHDNLQWKHUHJLRQEHORZ
WKH7/)/ELIXUFDWLRQDQGDERYHWKHYLVFHUDODUWHULHVDVVKRZQE\WKHEOXHVTXDUHLQ)LJD
DUHUHFRUGHGIRUHDFKFDVH7KHDYHUDJHGYHORFLW\LQWKLVUHJLRQIRUWKHSRVWRFWRSXVPRGHOVLV
FDOFXODWHGE\WKHLQWHJUDORIWKHYHORFLW\EDVHGRQWKHYROXPHDQGWKHQGLYLGLQJLWZLWKWKH
YROXPHRIWKHYHVVHOVHJPHQW7KHYDULDWLRQRIWKHPLVVKRZQLQ)LJE,WLVREYLRXVWKDWWKH
DYHUDJHYHORFLW\LQ36*DQG36*RIWKLVYROXPHZDVUHODWLYHORZFRPSDUHGZLWK36*
  
7KLVDUWLFOHLVSURWHFWHGE\FRS\ULJKW$OOULJKWVUHVHUYHG 
7KHDYHUDJHYHORFLW\LQ36*RIWKLVDUHDGHFOLQHGGUDPDWLFDOO\EHIRUHLWZDVRFFOXGHGZKLFK
FRQWULEXWHVWRWKHWKURPERVLVLQWKLVEUDQFK 
  $SDUWIURPYHORFLW\VWUHDPOLQHVORDGLQJSDWWHUQLVDOVRFUXFLDOIRUKHPRG\QDPLFDQDO\VLVRI
YHVVHOUHPRGHOLQJ)LJVKRZVWKHUHODWLYHUHVLGHQFHWLPH557DQGWLPHDYHUDJHZDOOVKHDU
VWUHVV7$:66GLVWULEXWLRQVLQWKHWKUHHOLPE6*V,WFDQEHIRXQGWKDWDIWHURFWRSXVWUHDWPHQW
KLJK557LVIRXQGLQWKHSUR[LPDOUHJLRQRI36*DQGPLGGOHUHJLRQRI36*LQGLFDWLQJ
SRVVLEOHVXUIDFHWKURPERVLVLQWKHVHOXPHQ+LJK7$:66LVIRXQGDWWKHSUR[LPDOUHJLRQRI
WKH36*VDQGDVKDUSORDGLQJGURSFDQDOVREHIRXQGDWWKHURRWRI36*LQGLFDWLQJIORZ
LPSDFWLQWKLVUHJLRQDQGGDQJHURI6*WUDQVSRVLWLRQ7KHDYHUDJHSUHVVXUHGURSIURPDVFHQGLQJ
DRUWDWRWKHDEGRPLQDOUHJLRQGXULQJDFDUGLDFF\FOHIRUWKHSUHDQGSRVWRFWRSXVPRGHOVDUH
PP+JPP+JPP+JPP+JDQGPP+JUHVSHFWLYHO\DFFRUGLQJWRWKH
H[DPLQDWLRQKLVWRU\ZKLOHWKHDYHUDJHSUHVVXUHGURSRYHUDFDUGLDFF\FOHIRUWKHQRUPDOFDVH
LVPP+JLPSOLFDWLQJWKHLPSODQWHG36*VPD\JUHDWO\LQIOXHQFHWKHORDGLQJFRQGLWLRQLQ
WKHLUXSVWUHDP 
  7DEOH VKRZV WKH DYHUDJHG IORZ GLYLVLRQ WR DRUWLF EUDQFKHV GXULQJ D FDUGLDF F\FOH7KH
SHUIXVLRQLQWKHILUVWH[DPLQHGPRGHOSUHRFWRSXVPRQWKVLVVLPLODUDVWKHFRPSXWDWLRQRI
QRUPDO DRUWD+RZHYHU VLQFH WKH OHIW FRPPRQ LOLDF DUWHU\ &,$ LV RFFOXGHGDW WKH VHFRQG
H[DPLQDWLRQ SUHRFWRSXV PRQWK WKH SHUIXVLRQ LQ YLVFHUDO DUWHULHV DQG ULJKW &,$ YDULHV
JUHDWO\&$DQG60$WDNHPRUHWKDQRIWKHLQIORZRIDVFHQGLQJDRUWDDQGWKHSHUIXVLRQ
WRWKHORZHUOLPEVLVODUJHO\UHGXFHG$IWHURFWRSXVWUHDWPHQWWKHSHUIXVLRQWRWKHEUDQFKHV
GRHVQRWLPSURYH7KHRFFOXVLRQRI36*DQGLQWKHIROORZLQJH[DPLQDWLRQVPD\EHUHODWHG
WRWKHDEQRUPDOIORZSHUIXVLRQWRWKHYLVFHUDODQGOLPEDUWHULHV  
 
_2SWLPL]DWLRQVFHQDULRVDQGKHPRG\QDPLFIHDWXUHV 
,QRUGHUWRLPSURYHWKHIORZFRQGLWLRQLQGXFHGE\WKHSDUDOOHOVWHQWVRSWLPL]DWLRQVFHQDULRV
ZHUHLQYHVWLJDWHG7KH/HQJWKVFHQDULRLVILUVWO\DSSOLHGE\H[WHQGLQJWKHKHDG6*WKHQEDVHG
RQWKHRSWLPL]HGOHQJWK'LDPHWHUVFHQDULRLVVWXGLHGE\YDU\LQJWKHGLDPHWHURIWKHOLPE6*V
)LJIK%\H[WHQGLQJWKHKHDG6*ZLWKFP)LJDVKRZVSUHVVXUHGLVWULEXWLRQRIWKH
FDVHVLQ/HQJWKVFHQDULRDWV\VWROLFSHDN7KHUHVXOWVLQGLFDWHWKDWWKHSUHVVXUHGURSVIURPWKH
  
7KLVDUWLFOHLVSURWHFWHGE\FRS\ULJKW$OOULJKWVUHVHUYHG 
DVFHQGLQJDRUWDWRWKHGRZQVWUHDPPRUHVPRRWKO\LQWKHFDVHVZLWKH[WHQGHG6*KHDG)XUWKHU
WKHSUHVVXUHGURSIURPWKHLQOHWRIDVFHQGLQJDRUWDWRWKHRXWOHWVRI&,$VRYHUDFDUGLDFF\FOH
RIHDFKFDVHLVTXDQWLILHG)LJE,WLQGLFDWHVWKDWWKHSUHVVXUHGURSGHFUHDVHVVLJQLILFDQWO\
ZKHQ WKH 6*KHDG LV H[WHQGHG IURP FP WR FP$OWKRXJK WKH SUHVVXUH GURS FRQWLQXHV WR
GHFUHDVHDVWKH6*KHDGIXUWKHUH[WHQGHGWKHYDULDWLRQLVWULYLDOOHVVWKDQZLWKH[WHQVLRQ
RIFP)LJFVKRZVWKHYDULDWLRQRIIORZSURSRUWLRQWRWKH)/LQWKHVHFDVHV,WLQFUHDVHV
IURPWRZKHQWKH6*KHDGLVH[WHQGHGIURPWRFPDQGLQFUHDVHVVOLJKWO\ZLWK
IXUWKHUH[WHQVLRQFP,QGHHGWKH)/VXSSOLHVIORZWRWKH&$60$DQG/5$7KHIORZ
SURSRUWLRQIRUWKHPLQWKHQRUPDODRUWDLVWKXVLQFUHDVLQJRIWKH)/IORZSURSRUWLRQ
LVQRWVXSSRUWLYHIRUPDLQWDLQLQJWKHQDWXUHYLVFHUDOEORRGVXSSO\'HWDLOHGIORZSURSRUWLRQVWR
DRUWLFEUDQFKHVDUHOLVWHGLQ7DEOH  
  &RPELQLQJWKHUHVXOWVRISUHVVXUHGURSDQGIORZGLYLVLRQ/HQJWKVFHQDULRZLWKH[WHQVLRQ
RI6*KHDGE\FPLVVHOHFWHGDVWKHRSWLPL]DWLRQDQGLWLVDSSOLHGIRU'LDPHWHUVFHQDULR'XH
WRWKHH[FHHGHGIORZSRUWLRQWRWKH)/WKHGLDPHWHUVRI36*DQGDUHPRGLILHGWRVLPXODWH
WUHDWPHQWZLWKVPDOOHUGLDPHWHUVRIERG\JUDIWV$VVKRZQLQ)LJGE\UHGXFLQJWKHGLDPHWHU
RIERWKERG\JUDIWVE\DQGPPUHVSHFWLYHO\WKHIORZHQWHULQJWKHOLPE6*VLVLPSURYHG$V
TXDQWLILHGLQ7DEOHE\FRPSDULQJWRWKHSHUIXVLRQRIWKHFRQWUROPRGHOWKHIORZSURSRUWLRQ
LVLPSURYHGLQWKHPRGHOZLWKPPGLDPHWHUUHGXFWLRQ 
 
_'LVFXVVLRQ 
3DUDOOHOHQGRJUDIWVKDVEHHQLQFUHDVLQJO\XVHGLQHQGRYDVFXODUUHSDLUIRUPDLQYDVFXODWXUHV
HVSHFLDOO\IRUSDWLHQWVFDQQRWEHWUHDWHGE\FRQYHQWLRQDOYHVVHOLQWHUYHQWLRQVRURSHQVXUJHU\
>@ +RZHYHU WKHUH DUH VWLOO VRPH FRQFHUQV UHJDUGLQJ XVLQJ SDUDOOHO VWHQWLQJ WHFKQLTXH
LQFOXGLQJ WKH LQFLGHQFH RI HQGROHDN DQG RFFOXVLRQ RI WKH VWHQWV DQG IDLOXUH WR UHFRQVWUXFW
QDWXUDOIORZGLYLVLRQLQEUDQFKHV>@,QDGGLWLRQWKHUHLVQRREYLRXVHYLGHQFHWRVKRZ
WKDWZKLFKFRPELQDWLRQRIHQGRJUDIWDQGSDUDOOHOJUDIWLVWKHEHVW>@,QWKHSUHVHQWVWXG\D
ORQJLWXGLQDOVWXG\RIDSDWLHQWH[SHULHQFHGWUHDWPHQWZLWKRFWRSXVWHFKQLTXH>@LVFRQGXFWHG
%\ DQDO\]LQJ WKH IORZ DQG ORDGLQJ FRQGLWLRQV RI WKLV SDWLHQW ZH UHYHDO IORZ DQG ORDGLQJ
GLVWULEXWLRQVDUHXQVDWLVIDFWRU\GXULQJWKHIROORZXSVDQGVXJJHVWWKLVPLJKWEHRQHRIWKHPDLQ
  
7KLVDUWLFOHLVSURWHFWHGE\FRS\ULJKW$OOULJKWVUHVHUYHG 
IDFWRUVIRUWKHIDLOXUHRIWKLVWUHDWPHQW7KXV/HQJWKDQG'LDPHWHUVFHQDULRVDUHLQYHVWLJDWHG
LQ RUGHU WR SURSRVH RSWLPL]HG SODQV RI WKLV FRPSOLFDWHG VWHQWLQJ WUHDWPHQW DQG SURYLGH
VXJJHVWLRQVIRUIXWXUHVLPLODURSHUDWLRQV  
  %DVHGRQWKLVORQJLWXGLQDOVWXG\WKHYDOXHRI7$:66DURXQGWKHURRWRI36*LVUHODWLYHO\
KLJK LQGLFDWLQJDKLJKHUGUDJIRUFHRFFXUUHGRQ WKLV36*%HVLGHVVWHQRVLV LV IRXQGLQ WKH
36*DQGLQGXFLQJUHODWLYHO\ORZSUHVVXUHGLVWULEXWLRQVDURXQGWKHVHUHJLRQVGLVWXUELQJ
WKHIORZHQWHULQJWKHWDUJHWYLVFHUDODUWHULHV7KLVPLJKWEHRQHRIWKHPDLQIDFWRUVWKDWUHVXOW
LQWKURPERVLVQHDUWKLVDUHDDQGWKXVOHDGVWRWKHRFFOXVLRQLQ36*DQGEHIRUHWKHODVW
IROORZXS)XUWKHUPRUHWKHSHUFHQWDJHRIIORZHQWHULQJLQWR60$ZDVZKLOHRQO\
RI WRWDO LQIORZIURPWKHDVFHQGLQJDRUWDHQWHULQJ LQWR60$LQ WKHFRQWUROPRGHO 7DEOH
ZKLFK PHDQV VXFK PRUSKRORJ\ RI WKH SRVWRFWRSXV  ZHHN PRGHO PLJKW QRW EH DEOH WR
PDLQWDLQDQDWXUDOYLVFHUDOSHUIXVLRQ  
7KHSUHVVXUHGURSIURPWKHDVFHQGLQJDRUWDWRWKHRXWOHWVRIFRPPRQLOLDFDUWHULHVRYHUD
FDUGLDFF\FOH LVTXDQWLILHG LQHDFKPRGHO7KHSUHVVXUHGURS LQ WKHRULJLQDOPRGHORISRVW
RFWRSXVZHHNLVPP+JZKLOHLWLVPP+JLQWKHFRQWUROPRGHO%\H[WHQGLQJWKH
OHQJWK RI WKH KHDG6* WKH SUHVVXUH GURS FDQ EH JUDGXDOO\ GHFUHDVHG ,W LV GHFUHDVHG E\
DSSUR[LPDWHO\ZLWKH[WHQVLRQRIWKH6*KHDGE\FPZKLOHZLWKIXUWKHUH[WHQVLRQWKH
SUHVVXUHGURSNHHSVDGHFUHDVLQJWUHDGEXWZLWKWULYLDOPDJQLWXGHYDULDWLRQPP+J
$W WKH VDPH WLPHZLWK WKH H[WHQVLRQRI6*KHDGEORRG IORZHQWHULQJ LQWR WKHRULJLQDO)/
LQFUHDVHG )LJ F ZKLFK UHVXOWV LQ PRUH EORRG IORZLQJ LQWR WKH WKUHH 36*V DQG LQGXFHV
DEQRUPDOYLVFHUDOSHUIXVLRQ7KHUHIRUHDQRWKHURSWLPL]DWLRQVFHQDULRLVQHHGHG  
&RPSDUHGZLWKWKHFDVH/FPWKHSURSRUWLRQVRIIORZHQWHULQJLQWRHDFKEUDQFK&$60$
/5$ZHUHFORVHUWRWKHLUFRXQWHUSDUWVLQFRQWUROPRGHODQGWKHSHUIXVLRQLQFDVH'PPLV
EHWWHUWKDQWKDWLQFDVH'PP7DEOH7KHUHVXOWVLQGLFDWHWKDWWKHGLDPHWHUVRI36*DQG
36*VHOHFWHGLQWKLVSDWLHQWPLJKWQRWWKHEHVW$OWKRXJKWKHSUHVVXUHGURSLQFDVH'PP
PP+J DQG LQ 'PP PP+J DUH ODUJHU WKDQ WKDW LQ /FP PP+J WKH
RSWLPL]DWLRQ VFHQDULR 'PP ZDV WUHDWHG DV WKH EHVW RQH DPRQJ DOO RI WKH VFHQDULRV
FRQVLGHULQJERWKSUHVVXUHGURSDQGSHUIXVLRQ LQ WKLV VWXG\ ,Q IDFW IXUWKHU UHGXFWLRQRI WKH
GLDPHWHURI36*DQG36*PD\PLVPDWFKWKHVWXGLHGYHVVHO  
  
7KLVDUWLFOHLVSURWHFWHGE\FRS\ULJKW$OOULJKWVUHVHUYHG 
2QH RI WKH PRVW LPSRUWDQW DGYDQWDJHV RI SDUDOOHO HQGRJUDIW RFWRSXV WHFKQLTXH LV WKDW
LQGLYLGXDOFXVWRPL]DWLRQLVQRWQHFHVVDU\>@7KXVLQFOLQLFDORSHUDWLRQVRFWRSXVJUDIWVDUH
RIWHQ FRQVWUXFWHG EDVHG RQ DYDLODEOH GHYLFH DQG PRUH LPSRUWDQWO\ VHOHFWLRQRI OHQJWK DQG
GLDPHWHURIWKH6*VLVSRVVLEOH$OWKRXJKWKHRFWRSXVWHFKQLTXHFDQEHVXFFHVVIXODSSOLHGLQD
QXPEHURISDWLHQWV>@LWVPLGDQGORQJWHUPRXWFRPHVQHHGWREHIXUWKHUGHWHUPLQHG
DQG VWHQWLQJ SODQ QHHGV WR EH TXDQWLWDWLYHO\ VWXGLHG >@ ,Q WKH FXUUHQW SDWLHQW FDVH WKH
SURJQRVLV LV QRW VDWLVIDFWRU\ LQ ORQJWHUP IROORZXS %DVHG RQ KHPRG\QDPLF DQDO\VLV WKH
RFFOXVLRQRIWKHWZROLPE6*VLVSURSRVHGWREHUHODWHGWR WKHORFDO ORDGLQJFRQGLWLRQVDQG
YLVFHUDOIORZGLYLVLRQV%RWKRIWKHFRQGLWLRQVFDQEHVLPSO\LPSURYHGE\H[WHQGLQJWKHOHQJWK
RI WKH KHDG6* DQG UHGXFLQJ WKH GLDPHWHU RI WKH OLPE6*V %DVHG RQ WKLV VWXG\ LW FDQ EH
FRQILUPHGWKDWPDLQWDLQLQJWKHQDWXUHIORZGLYLVLRQDQGSUHVVXUHGLVWULEXWLRQLVLPSRUWDQWIRU
WKHRFWRSXVYDVFXODUUHFRQVWUXFWLRQ+HPRG\QDPLFDQDO\VLVFDQFRQWULEXWHWRSUHGLFWLQJDQG
HYDOXDWLQJWKHSRVWWUHDWPHQWUHVXOWVDQGWKXVSURYLGLQJVXJJHVWLRQVRQZLVHVHOHFWLRQRIWKH
FRPELQDWLRQRI6*VIRUYDVFXODUUHFRQVWUXFWLRQ 
 
_/LPLWDWLRQV 
7KLVVWXG\ZDVFRQGXFWHGEDVHGRQPXOWLSOHIROORZXSGDWDRIDSDWLHQWFDVHRSHUDWHGE\
RFWRSXVVWHQWLQJ,QGHHGVROLGPHGLFDOFRQFOXVLRQVVKRXOGEHEHWWHUGHWHUPLQHGE\LQYROYLQJ
DJUHDWHUQXPEHURISDWLHQWFDVHV+RZHYHUSDWLHQWVZLWKFRPSOH[SDUDOOHOVWHQWLQJDUHQRW
FRPPRQDQGWKHFRQGLWLRQVRIWKHPDUHKLJKO\LQGLYLGXDOL]HG%DVHGRQ WKHFXUUHQWSDWLHQW
FDVHWKLVVWXG\SUHOLPLQDULO\VKRZVWKHLPSRUWDQFHRIPDLQWDLQLQJKHPRG\QDPLFFRQGLWLRQV
LQWKHYDVFXODWXUHDQGSURSRVHVVXJJHVWLRQVRQVHOHFWLRQDQGSODFHPHQWRIHQGRJUDIWVZKLFK
PLJKWEHKHOSIXOLQWUHDWPHQWSODQIRUIXWXUHFRPSOLFDWHGVWHQWLQJRSHUDWLRQVZLWKPXOWLSOHDQG
SDUDOOHO VWHQWLQJ 7KLV VWXG\ DOVR VXIIHUV IURP OLPLWDWLRQV RI SDWLHQWVSHFLILF ERXQGDU\
FRQGLWLRQVDQGWKHODFNLQJRIIOXLGZDOOLQWHUDFWLRQDQDO\VLV,QGHHGFRPSXWDWLRQDOVWXGLHVZLWK
LQGLYLGXDOL]HGSDUDPHWHUVZRXOGEHJRRGWRUHIOHFWWKHDFWXDOIORZVLWXDWLRQVKRZHYHULQPRVW
FRQGLWLRQVYHORFLPHWU\DQGLQWUDOXPLQDOSUHVVXUHPHDVXUHPHQWVDUHQRWDYDLODEOH$VXPPDU\
RIWKHERXQGDU\FRQGLWLRQVLQUHFHQWFRPSXWDWLRQDOVWXGLHVLVSUHVHQWHGLQ6VXSSOHPHQWDU\
PDWHULDO,QWKLVVWXG\H[WHQGHGRXWOHWVKDYHEHHQDSSOLHGLQWKHPRGHOWRSDUWLDOO\WDNHDFFRXQW
  
7KLVDUWLFOHLVSURWHFWHGE\FRS\ULJKW$OOULJKWVUHVHUYHG 
RIWKHGLVWDOUHVLVWDQFHKRZHYHUWKHFRPSOLDQFHRIWKHGLVWDOYHVVHOVKDYHQRWEHHQFRQVLGHUHG
%HVLGHVPRVWUHJLRQVRI WKHDRUWLFV\VWHPRIWKHSDWLHQWKDYHEHHQUHFRQVWUXFWHGE\VWHQWV
WKXVWKHGLVWHQVLELOLW\RIWKHDRUWLFZDOOLVZHDNDQGWKHLQWHUDFWLRQEHWZHHQWKHZDOODQGWKH
EORRGIORZZDVQHJOHFWHG0RUHDFFXUDWHTXDQWLWDWLYHUHVXOWVZRXOGEHDFKLHYHGZKHQGHWDLOHG
SDWLHQWVSHFLILFERXQGDU\GDWDLVDYDLODEOHEXWZHEHOLHYHWKHFXUUHQWVWXG\PD\VWLOOUHIOHFWD
IHZIORZIHDWXUHVJHQHUDWHGE\WKHPRUSKRORJ\RIWKHDRUWD)XUWKHUPRUHWKHVHFRQGDU\IORZ
DWWKHURRWRIWKHDRUWDZDVLJQRUHGLQWKLVVWXG\DVLWPLJKWWDNHOHVVLQIOXHQFHRQWKHIORZLQ
WKH GHVFHQGLQJ DRUWD WKDQ WKDW LQ WKH DVFHQGLQJ DRUWD$W ODVW WKLV LV D UHWURVSHFWLYH VWXG\
UHYLHZLQJWKHIODZVRIWKHVWHQWGHVLJQLQDSRVWRSHUDWHGSDWLHQW,WHPSKDVL]HVWKHLPSRUWDQFH
RI GLDPHWHU DQG SRVLWLRQ VHOHFWLRQV RI WKH GHYLFH EXW PRUH YDOXDEOH VWXGLHV VKRXOG EH
FRQGXFWHGRQSURVSHFWLYHFDVHVWRGLUHFWVWHQWLQJSODQ  
 
_&RQFOXVLRQV 
,QWKLVVWXG\PRUSKRORJLFDODQGKHPRG\QDPLFIDFWRUVWKDWLQGXFHWKHXQVDWLVIDFWRU\SURJQRVLV
RIWKHVWXGLHGSDWLHQWKDYHEHHQLQYHVWLJDWHG$VHULDORIRSWLPL]DWLRQVFHQDULRVZHUHSUHVHQWHG
WRLPSURYHWKHSHUIXVLRQDQGSUHVVXUHGLVWULEXWLRQV7KHUHVXOWVLQGLFDWHWKDWIRUWKLVSDUWLFXODU
FDVHE\H[WHQGLQJWKHKHDG6*ZLWKFPDQGUHGXFLQJWKHOLPE6*VE\PPWKHIORZDQG
ORDGLQJFRQGLWLRQVRIWKHUHFRQVWUXFWHGDRUWLFV\VWHPFDQEHJUHDWO\LPSURYHG7KLVLQGLFDWHV
WKDWSUHWUHDWPHQWSODQQLQJRQZLVHVHOHFWLRQRIWKHOHQJWKDQGGLDPHWHURI6*VLVLPSRUWDQW
IRUWKHSDUDOOHOVWHQWLQJWUHDWPHQWLWVKRXOGEHFRQVLGHUHGIRUIXWXUHWUHDWPHQWVWRLPSURYHWKH
SURJQRVLVIRUSDWLHQWV    
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Fig.1 (a) shows the representative slices of CTA datasets; (b) displays the 3-D reconstructed 
aortic model; (c) shows the Doppler ultrasound velocimetry; and (d) is the extracted velocity 
data as the velocity boundary conditions for the computational models. 
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Fig.2 (a-e) shows the reconstructed models of the patient pre- and post-octopus treatment; (f) 
displays base model of SGs modification; (g) and (h) show the length and diameter scenario 
respectively. 
  
  
7KLVDUWLFOHLVSURWHFWHGE\FRS\ULJKW$OOULJKWVUHVHUYHG 
 
Fig.3 (a) shows the velocity streamline distributions at systolic peak in each pre- and post-
octopus models; (b) shows the averaged velocity at systolic peak in each branches in the 
region of the blue square; 
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Fig.4 (a) and (b) respectively show the RRT and TAWSS distributions in the limb SGs post-
octopus. 
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Fig.5 (a) displays the pressure distributions of the models of Length-scenario; (b) shows the 
pressure drop over an cardiac cycle of the models of Length-scenario as well as the control 
model; (c) shows the proportion of flow entering the original FL; (d) shows the velocity 
streamlines at systolic peak in the models of Diameter-scenario. 
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